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[1] Pool-rifﬂe sequences are geomorphological features of many streams, thought to
contribute to the hydrodynamic variability necessary to support healthy habitat conditions.
Due to this fact, the addition of artiﬁcial pools and rifﬂes is a common alternative for
restoration projects on channelized streams. In this paper, detailed three-dimensional (3-D)
ﬂow measurements conducted on a scale model of an existing pool-rifﬂe design
implemented as part of a restoration project is presented. The design incorporated the basic
features of natural pool-rifﬂe sequences but maintained the deepest part of the pool in the
center of the cross section and away from the banks. Results showed that the 3-D ﬂow
patterns were qualitatively different for two discharge conditions tested. The lower
discharge case was strongly affected by the topography, displaying a pattern consistent with
a secondary ﬂow generated by the curvature of the streamlines. The higher discharge case
was less affected by the topography, presenting a secondary ﬂow pattern similar to that
observed over a ﬂat bed and typically associated with turbulence anisotropy. Self-
maintenance and ﬂow variability were also investigated. Even though convergence of the
values of bed shear stresses at pool and rifﬂe sections with increasing discharge did take
place, reversal conditions did not occur. The difference in ﬂow structure with ﬂow stage
was also reﬂected in the spatial ﬂow variability, the lower discharge displaying larger
variability than the higher discharge. The higher discharge generated a level of variability
comparable with the values obtained over a ﬂat bed.
Citation: Rodrıguez, J. F., C. M. Garcıa, and M. H. Garcıa (2013), Three-dimensional flow in centered pool-riffle sequences, Water
Resour. Res., 49, doi :10.1029/2011WR011789.
1. Introduction
[2] Pools and rifﬂes are geomorphological features ubiq-
uitously found in straight, meandering, and braiding river
systems. They are considered a basic component of a uni-
versal unit-bar structure, which interacts with the planform
and ﬂow ﬁeld to generate a characteristic bed topography
[Dietrich, 1987]. They have also been regarded as essential
elements in the initiation and development of meandering
[Thompson, 1986; Rhoads and Welford, 1991]. In later
years, it has been realized that their hydrodynamic variability
provides a variety of habitat conditions required for different
ﬁsh species and for the same species at different stages of its
life. This last point has made the addition of artiﬁcial pools
and rifﬂes a very common alternative for restoration projects
on channelized streams [Newbury and Gaboury, 1993;
Rodrıguez et al., 2000; Rhoads et al., 2011].
[3] Natural pools and rifﬂes are typically arranged in
sequence, often displaying pools with a skewed shape in
which the deepest point alternates from one side of the cross
section to the other. The skewness alternation is characteris-
tic of meandering streams and it has been linked to bank
erosion and subsequent meander development [Rhoads and
Welford, 1991]. Due to this fact, artiﬁcial pools and rifﬂes
resembling skewed natural sequences may not be suitable
for stream restoration projects in heavily populated areas
with infrastructure encroached ﬂoodplains.
[4] This was the case in the restoration of the North
Branch of the Chicago River (WFNBCR) at Northbrook, Illi-
nois, a project that included the design, testing, and construc-
tion of centered pool-rifﬂe structures aimed at increasing
ﬂow variability of a channelized urban stream without
compromising the stability of the banks [Rodrıguez et al.,
2000; Wade et al., 2002; Rhoads et al., 2008, 2011]. An
experimental program was carried out to investigate the
three-dimensional (3-D) ﬂow structure of pools and rifﬂes in
support of the design process and included four different
bed conﬁgurations with increasing levels of hydrodynamic
complexity: ﬂat bed, centered pool-rifﬂes, alternate pool-
rifﬂes, and alternate pool-rifﬂes with vegetation [Rodrıguez,
2004; Rodrıguez and Garcıa, 2008; Lopez, 2006]. The
sequence can also be seen as different steps in the restoration
process, starting on a ﬂat-bed degraded stream with no
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geomorphologic diversity and ﬁnishing on a more natural
system with pool-rifﬂe structures and established vegetation.
Rodrıguez and Garcıa [2008] conducted experiments over a
ﬂat rough bed representing the channelized stream or preres-
toration condition. The present paper focuses on the results of
the centered pool-rifﬂe (CPR) experiments using the same fa-
cility and similar setup and bed material than the ones used in
Rodrıguez and Garcıa [2008], thus, their results constitute
the ideal background for comparison. As the restoration of
the channelized stream was based on the addition of variabili-
ty in the ﬂow patterns through the construction of pools and
rifﬂes, the focus of this study was on the evaluation of the
3-D structure of the ﬂow and the quantiﬁcation of the hydro-
dynamic variability of this particular pool-rifﬂe design.
2. Hydrodynamics of Pool-Riffle Sequences
[5] An important issue to address within the study was
the long-term stability of the pool-rifﬂe design, which is
closely linked to its hydrodynamic behavior. In particular,
it was of interest to investigate whether the structures were
able to self-maintain in the way natural pool-rifﬂe sequen-
ces do. Although a complete and thorough explanation for
pool-rifﬂe self-maintenance is yet to be formulated, there
are a number of ﬂow and sediment mechanisms that have
been identiﬁed as key to the remarkable consistency of this
bedform morphology observed in nature under a wide vari-
ety of ﬂow and substrate conditions. A very important char-
acteristic of pools and rifﬂes is that their hydrodynamic
behavior depends on discharge: velocities over rifﬂes are
faster than in pools for most discharges due to the rifﬂes
being shallower [Clifford and French, 1993]; however, for
high discharges, the ﬂow is much more uniform, attenuat-
ing the differences between pool and rifﬂe velocities. In
some instances, a reversal in velocity can occur, with pool
velocities surpassing rifﬂe velocities at or above bankfull
ﬂow. This fact was ﬁrst observed by Gilbert [1914] and
later used by Keller [1971, 1972] to explain the self-main-
tenance of pool-rifﬂe sequences. According to the velocity-
reversal hypothesis, higher pool velocities are necessary at
some stage to entrain the material accumulated during
previous ﬂows and to deposit it on the rifﬂes. There is
evidence to both support [Andrews, 1979; Keller, 1971;
Lisle, 1979; O’Connor et al., 1986; Petit, 1987] and refute
[Bathurst, 1982; Bhowmik and Demissie, 1982; Teleki,
1972; Sear, 1996] the reversal hypothesis. Although the
original velocity-reversal research focused on near-bed con-
ditions [Keller, 1971, 1972], it has also been extended to
cross-sectional averaged conditions, mostly for practical
reasons. This simpliﬁcation implies the assumption of a log-
arithmic velocity proﬁle and relatively minor variations in
the cross-sectional velocity distribution, which may not
apply to all situations [Thompson, 2011]. For the reversal
hypothesis to hold in a cross-sectional average sense, ﬂow
continuity requires the cross-sectional area of the pool to be
larger than that of the rifﬂe for low discharges, and the op-
posite to occur for high discharges [Lane and Borland,
1954]. It is not unusual for natural rivers to have pools with
an approximate triangular shape (wetted area increases with
the second power of the depth) and rifﬂes with an approxi-
mate rectangular shape (wetted area increases linearly with
depth), in which case velocity reversal can occur. Channels
with wall constrictions, like urban streams or laboratory
ﬂumes, have more limitations fulﬁlling this requirement.
[6] Very few measurements of the actual velocity rever-
sal exist due to the difﬁculty of measuring during high dis-
charges; in most cases, it has been inferred, deduced, or
computed using additional assumptions. Alternative or
complementary explanations for maintenance focus on the
different characteristics of the bed material and near-bed
ﬂow conditions, which do not necessarily follow the cross-
sectional average ﬂow trends. Issues like armoring, imbri-
cation, packing density, and microtopography may reduce
the mobility of the rifﬂe making it more resistant to erosion
than the pool [Clifford, 1993; Sear, 1996], whereas ﬂow
concentration due to constrictions and associated turbulent
coherent structures can enhance the scouring of pools
[MacVicar and Roy, 2007a, 2007b; Thompson and Wohl,
2009]. Coherent structures seem to operate differently in
pools than in rifﬂes [Clifford, 1993; Clifford and French,
1993] and may create instantaneous conditions for sediment
transport before the entrainment threshold is reached by the
time-averaged variables [Nelson et al., 1993, 1995]. These
local 3-D ﬂow and turbulent effects can produce near-bed
self-maintenance conditions even if average ﬂow variables do
not [Thompson, 2011; MacWilliams et al., 2006; Caama~no
et al., 2012], particularly when sediment dynamics is consid-
ered. Coupling of ﬂow and sediment dynamics in a simple
one-dimensional framework has also shown that pool-rifﬂe
self-maintenance can occur well before velocity reversal [de
Almeida and Rodrıguez, 2011, 2012]. Analysis of the coupled
ﬂow and sediment dynamics in a full 3-D, unsteady frame-
work would certainly shed light on the most important mech-
anisms for self-maintenance; however, this has not been done
to date. From a practical perspective, it seems that an equal-
ization of ﬂow conditions in pools and rifﬂes during high dis-
charges combined with other mechanisms related to sediment
mobility, including 3-D and turbulence ﬂow effects, can be
enough to maintain a stable morphology over the long term.
[7] Mainly due to its implications for geomorphic self-
maintenance and to a lesser extent also due to its impor-
tance for ecological variability, the 3-D hydrodynamics of
pools and rifﬂes has received some attention in the past.
Previous research has shown that transverse velocity vec-
tors indicate lateral divergence over the rifﬂes and lateral
convergence over the pools due to successive contractions
and expansions of the ﬂow from narrow pools to wide rif-
ﬂes [Keller, 1972; MacVicar and Roy, 2007]. The term lat-
eral divergence/convergence is used in this paper to describe
spatial transverse velocity patterns to avoid confusion with
the use of the term convergence to describe the equalization
of ﬂow variables with increasing discharge. The alternation
of lateral convergence and divergence along the thalweg is
associated with a characteristic pattern of secondary circula-
tion with surface convergent/near-bed divergent twin cells at
the pool center and surface divergent/near-bed convergent
cells at the rifﬂe center (Figure 1) [Thompson, 1986; Clifford
and Richards, 1992; MacWilliams et al., 2006; Rhoads
et al., 2008], which is different from patterns in meandering
streams. The near-bed divergent ﬂow at the bottom of pools
is thought to contribute to the removal of sediments and thus
to the self-maintenance of the pool-rifﬂe unit. The three
dimensionality of the ﬂow not only manifests itself in the
form of secondary circulation but also includes effects on
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the distribution of the streamwise velocity. Zones of ﬂow
concentration or jetting not directly associated with obstacles
have been reported in pool-rifﬂe sequences [Keller, 1971;
Clifford and Richards, 1992; MacWilliams et al., 2006;
Caama~no et al., 2012], and their distinct behavior under dif-
ferent discharge conditions has been linked to self-mainte-
nance. It is not totally clear how habitat characteristics are
inﬂuenced by 3-D ﬂow dynamics and its variability, although
it is recognized that local rather than averaged ﬂow measure-
ments are required to assess physical habitat conditions
[Hart and Finelli, 1999; Nikora et al., 2002].
[8] Links to geomorphological and ecological processes
in pool-rifﬂe sequences can be addressed only partially
using cross-sectional or depth-averaged hydrodynamic in-
formation. To date, most descriptions of 3-D ﬂow in pools
and rifﬂes have been attempted using numerical simula-
tions [Booker et al., 2001; Cao et al., 2003; MacWilliams
et al., 2006; Caama~no et al., 2012]. A limited number of
laboratory measurements on pools and rifﬂes have been
carried out; however, they have used a simpliﬁed geomet-
ric description [Thompson et al., 1999; Thompson, 2002].
This paper presents detailed laboratory ﬂow measurements
that allow for the reconstruction of 3-D ﬂow patterns in a
pool-rifﬂe design that aims to provide a level of ﬂow vari-
ability similar to what would be expected in a natural
stream. Although these measurements strictly apply to the
speciﬁc design tested, they can also provide insight into
some of the basic geomorphological and ecological proper-
ties of pool-rifﬂe sequences observed in nature. The meas-
urements presented in this paper have been conducted on a
scale model of an existing pool-rifﬂe design implemented
as part of the aforementioned restoration project [Wade
et al., 2002; Rhoads et al., 2008, 2011]. The design incor-
porates some of the important features of natural pool-rifﬂe
sequences, like wide shallow rifﬂes and narrow deep pools
with a smooth transition. The data gathered are thus rele-
vant in terms of representativeness and resolution and have
the potential to become a testing set for numerical models
before application to more natural settings, in which richer
3-D ﬂow and turbulence patterns (including ﬂow separation
and associated turbulent coherent structures) are likely to
play a role.
3. Equipment and Methods
[9] A tilting ﬂume 12.20 m long, 0.91 m wide, and 0.6 m
high was used for the experiments. The ﬂume received a
constant supply of water from a head tank and had an ad-
justable downstream gate to regulate the ﬂow depth. A
ﬁxed, hydraulically rough, uneven bed comprising three rif-
ﬂes and three pools was built using commercial 3/800
crushed stone chips (D90 ¼ 1 cm, Dm ¼ 0.57 cm, and grain
standard deviation g ¼ 0.20 cm; Figures 2 and 3). The
design of the centered pool-rifﬂe sequence followed some
basic geomorphological characteristics of natural pool-
rifﬂe sequences, including narrow pools and wide rifﬂes, a
gradual pool-rifﬂe transition, and a longitudinal spacing
between rifﬂes (or pools) of ﬁve times the stream width
[Keller and Melhorn, 1978]. The longitudinal proﬁle along
the centerline of the design was deﬁned by a sinusoidal
Figure 1. Secondary ﬂow induced by streamline curvature: (a) meandering thalweg and (b) pool-rifﬂe
sequence (adapted from Thompson, 1986).
Figure 2. Centered pool-rifﬂe sequence built using 3/800
stone chips. Note the location of guiding cross sections
with smaller spacing in the pool.
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curve, and the cross sections were obtained using third-
order polynomials. When applied to the conditions of the
WFNBCR at Northbrook, the dimensions of the experimen-
tal pool-rifﬂe sequence correspond to a 1:7 scaling.
[10] Shaping of the bed was guided by cross-sectional
metal templates separated 1 m in the rifﬂe areas and 0.5 m
in the pool areas (Figure 2), resulting in the topography
shown in Figure 3. The origin of a global orthogonal
streamwise (X), spanwise (Y), and bed-normal (Z) coordi-
nate system with respect to the overall channel slope S0 of
0.25% was deﬁned at the beginning of the sediment layer
on the left wall and at the elevation of the deepest point in
the central pool (i.e., the channel centerline). Because the
bed was uneven, the orientation of the spanwise and bed-
normal directions varied at each point, and local boundary-
layer type coordinates x, y, and z were also used.
[11] The experimental setup was completed with point
gauges for water surface measurements and a downlooking
3-D Sontek microacoustic Doppler velocimeter (ADV) for
ﬂow velocity measurements. The micro-ADV was operated
at a sampling rate of 25 Hz over a 90 mm3 sampling vol-
ume. Orientation was done so that the instrument’s z coor-
dinate coincided with the vertical projections and the x and
y coordinates were aligned with the horizontal projections
of the streamwise (X) and spanwise (Y) channel coordi-
nates, respectively. Due to minimum depth requirements of
the sensor, the upper 6 cm of the ﬂow could not be meas-
ured. Velocities were measured in the central pool-rifﬂe
unit at ﬁve cross sections 1.25 m apart : upstream rifﬂe
(X ¼ 5.05 m), pool entrance (X ¼ 6.30 m), pool center
(X ¼ 7.55 m), pool exit (X ¼ 8.80 m), and downstream rif-
ﬂe (X ¼ 10.05 m; Figure 3). At each cross section, meas-
urements were carried out on one half of the cross section
with a spacing of 5 and 1 cm in the spanwise and vertical
directions, respectively. Preliminary tests veriﬁed ﬂow
symmetry with respect to the centerline of the cross section
[Rodrıguez et al., 2001]. Water surface elevations were
measured at several points along the channel centerline
only, as the transverse variations on the water surface were
too small to be measured accurately.
[12] The notation for the velocity vector components in
the X (streamwise), Y (spanwise), and Z (bed-normal) direc-
tions are U, V, and W, respectively, for the Reynolds-aver-
aged local velocities; u, v, and w for the turbulent velocity
ﬂuctuations and u0, v0, and w0 for the root mean square value
of the velocity ﬂuctuations. Overbars are used for time aver-
aging (except for U, V, and W), and brackets hi are used for
spatial averaging over the pool-rifﬂe unit. A summary of
the experimental conditions is presented in Table 1, which
also includes information on previous experiments over a
ﬂat bed [Rodrıguez and Garcıa, 2008]. In Table 1, Q is the
discharge, hUi is the mean streamwise velocity averaged
Figure 3. Bed topography and measurement sections: (a) plan view and (b) selected cross sections.
Table 1. Comparison Between Previous and Current Experiments (Reach-Average Values)
Reference Q (m3/s) hhi (m) hUi (m/s) hUi (m/s) Re (103) Fr hksþi
Rodrıguez and Garcıa [2008], experiment FB1 0.05 0.11 0.48 0.047 44 0.45 470
Rodrıguez and Garcıa [2008], experiment FB2 0.1 0.15 0.72 0.053 82 0.6 530
This paper, experiment CPR1 0.03 0.09 0.37 0.045 30 0.38 450
This paper, experiment CPR2 0.11 0.19 0.64 0.059 90 0.47 590
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over the whole pool-rifﬂe unit, hUi ¼ (ghRhihSwi)1/2 is the
pool-rifﬂe unit streamwise shear velocity, with g, hRhi, and
hSwi being the gravitational acceleration, the unit-averaged
hydraulic radius, and the unit-averaged water surface slope,
respectively; Re ¼ hUi hRhi/ is the bulk Reynolds number,
with denoting kinematic viscosity of water; Fr ¼ hUi/
(ghhi)1/2 is the Froude number, with hhi standing for the
unit-averaged hydraulic depth; hksþi ¼ kshUi/ is the unit-
averaged dimensionless roughness, with ks representing the
bed roughness (set equal to D90 for the present computa-
tions). All the experiments reported in Table 1 have a longi-
tudinal average bed slope S0 of 0.25%, as already noted.
[13] Two ﬂow conditions were tested, with discharges of
0.03 (CPR1) and 0.11 (CPR2) m3/s. The low and high
discharges resulted from converting to a 1:7 Froude scale
the 1 and 2 year return-period ﬂoods for the WFNBCR at
Northbrook, Illinois, respectively. The 2 year return ﬂood
was used as this value is often associated to geomorphologic
changes in rivers. The low discharge, on the other hand,
was the shallower ﬂow condition that allowed for a good
ﬂow measurement strategy, given the equipment available.
It must be noted, however, that in a real stream the 1 year
return ﬂow is not necessarily a low discharge. Similar ﬂow
conditions have been tested in the same setup over a ﬂat bed
[Rodrıguez and Garcıa, 2008], which provide important
background information. Table 1 shows that in both experi-
ments the bed was hydraulically rough, with values of hksþi
well above 70 [Nezu and Nakagawa, 1993], and the ﬂow
was turbulent and subcritical. Each velocity point was
sampled for at least 120 s. This record length ensured con-
vergence in the values of the mean and ﬁrst-order statistics
of the velocity time series [Rodrıguez and Garcıa, 2008].
Due to the unevenness of the bed, local ﬂow conditions
were strictly non uniform. Over the central pool-rifﬂe unit,
the ﬂow was uniform in an average sense, as the average
slope of the water surface hSwi was parallel to the slope of
the ﬂume S0 and the boundary layer was not affected by the
ﬂume entrance conditions. This was veriﬁed by comparing
velocity proﬁles at the centers of the upstream and down-
stream rifﬂes, which showed no substantial changes in the
velocity distributions with the streamwise direction.
[14] Shear velocities were computed using the law of the
wall, which required a transformation from global (X, Y, Z)
to local (x, y, z) boundary-layer coordinates along bed-nor-
mal rays. The law of the wall for hydraulically rough con-










[15] In a strict sense, a boundary-layer analysis (with no
transverse shear) over an irregular cross section only applies
along rays that are perpendicular to the isovels; however,
the velocity proﬁle along these rays is not logarithmic, and
the problem requires a numerical solution [Shimizu, 1989].
Lundgren and Jonsson [1964] proposed neglecting lateral
shear and using a logarithmic proﬁle along bed-normal rays,
which is an acceptable approximation for rectangular and
trapezoidal channels [Pizzuto, 1991] and cross sections with
small lateral bed curvature [Parker, 1978]. In the present
experiments, the maximum lateral bed curvature occurred at
the pools, with a value of approximately 1.7 m1, but was
considerable lower, i.e., less than 0.3 m1, for the rest of the
cross sections analyzed. It was assumed for the analysis of
the velocity data that a bed-normal boundary layer approach
was valid.
[16] The coordinate transformation procedure involved
manipulations to the original data, including interpolations
and axis rotations, which were carried on with the help of
the graphical software Tecplot. Once the data were in
boundary-layer coordinates, inner scaling similarity was
used to determine the shear velocity U by ﬁxing ks ¼ D90
and by varying the bed position (z ¼ 0) until the best data
ﬁt was obtained. This procedure has given good results
when applied to ﬂat bed experiments on a similar setup
using the same bed material, whose unevenness and sound-
reﬂective properties interfere with the ADV bed positioning
readings [Rodrıguez and Garcıa, 2008]. As often done on
rough irregular beds, the bed (or virtual origin for the ve-
locity proﬁle) was assumed to be at a distance between
0 and ks below the top of the roughness elements (TREs)
[Smart, 1999]. The position of the TRE at each vertical was
determined manually before inundating the channel, using
a 2.5  2.5 cm2 metal strip on top of the stone chips
(Figure 4). This level was assumed as the local TRE, and
the ADV was set so that the lowest velocity measurements
had their control volume placed at the TRE. This last step
was done by placing a 5 cm wooden block between the
metal strip and the ADV central sensor head.
[17] Strictly speaking, the use of the law of the wall only
applies to steady two-dimensional uniform ﬂows with high
relative submergence (i.e., ﬂow depth/roughness height),
and therefore, the extension to situations with secondary
currents, accelerations, decelerations, and uneven beds
must be considered an approximation. Other methods of
estimating bed shear stresses were investigated; however,
they produced less reliable results. The use of the principal
Reynolds stress distribution uw was affected by local
acceleration and deceleration, and the near-bed estimates
were prone to errors as reported by MacVicar and Rennie
[2012], Song and Chiew [2001], and Yang and Chow
[2008]. The use of the local water surface slope also pre-
sented limitations in terms of accuracy.
Figure 4. Procedure used for location of the TREs and
positioning of the ADV.
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4. Results
[18] The three-dimensional structure of the ﬂow is pre-
sented in Figures 5 and 6 (low discharge and high dis-
charge, respectively) as a combined contour-vector plot,
with contours for the streamwise velocity distribution and
vectors for the secondary velocity ﬁeld. The results are pre-
sented for each analyzed discharge condition at the cross
sections, starting (from top to bottom) from upstream, i.e.,
upstream rifﬂe (X ¼ 5.05 m), pool entrance (X ¼ 6.30 m),
pool center (X ¼ 7.55 m), pool exit (X ¼ 8.80 m), and
downstream rifﬂe (X ¼ 10.05 m). For the low-discharge
case, it can be seen from Figure 5 that rifﬂes have higher
streamwise velocities than pools as expected and that they
present a region with velocity concentration close to the
channel axis, but slightly off center. This core moves toward
the axis (or thalweg) as the ﬂow progresses into the pool,
potentially merging with the corresponding velocity core
from the other side of the channel to form a unique core,
which later splits into two cores again as the downstream rifﬂe
is reached. Transverse velocity vectors are less than 5% of the
streamwise ﬂow and show a complicated pattern as a result of
the combined effects of lateral convergence/divergence,
upwelling/downwelling, and rotating cells. Some characteris-
tic features observed are that the location of the high-velocity
cores tends to coincide with regions of strong downward verti-
cal ﬂow and that the ﬂow laterally converges toward the pool
and diverges toward the rifﬂe.
[19] For the high-discharge case, the ﬂow structure is
notably different (Figure 6). The variation between pool and
rifﬂe velocities is not as pronounced, and the cross-sectional
ﬂow pattern clearly shows two high-velocity cores that
remain essentially in the same relative position throughout
the pool-rifﬂe unit. The high-velocity cores coincide with
downwelling regions, and the secondary velocities are less
than 5% of the streamwise ﬂow except for a marked upwell-
ing at the rifﬂes center. Lateral convergence and divergence
patterns are indiscernible; however, secondary circulation is
well deﬁned.
[20] The recirculating cells can be more easily identiﬁed
by looking at the distribution of the longitudinal vorticity 
of Figures 7a and 7b (low discharge and high discharge,
respectively). Figure 7 presents the values of  that have
been calculated using   @V=@z @W=@y. According to
the axis directions convention adopted in Figure 7, a cell
with positive longitudinal vorticity rotates counterclock-
wise, whereas a negative vorticity cell rotates in the oppo-
site direction. Combining information on the transverse
velocity vector ﬁeld and the streamwise vorticity, rotating
cells have been sketched in Figure 7. For the low-discharge
case (Figure 7a), two side-by-side elliptical cells can be
observed at the rifﬂes, which are replaced by a larger cell at
the pool. The high-discharge case (Figure 7b) shows a pat-
tern of three circulation cells, which are circular at the rif-
ﬂes (their width scales with the rifﬂe depth) but stretch
vertically in the pool to occupy the whole cross section.
[21] As mentioned in the section 3, bed shear velocities
were obtained using the law of the wall along bed-normal
rays. Bed-normal rays were deﬁned at different Y/b posi-
tions at each cross section, with the value of Y correspond-
ing to the bed transverse position divided by the ﬂume
width b, as shown in Figure 8. Streamwise velocity ﬁt to
the law of the wall for rough bed is shown in Figure 9, in
which the velocity proﬁles have been dimensionalized with
inner variables U and ks. The U values have been adjusted
to comply with the law of the wall along bed-normal rays
on the lower 20% of the depth and ks has been set to D90.
For the low-discharge case (Figure 9a), it can be observed
that the streamwise velocity consistently adjusts to a loga-
rithmic proﬁle for all the cross sections, with a remarkable
good collapse even beyond the lower 20% of the depth area.
However, some shallow proﬁles had very few points for the
logarithmic ﬁt procedure, and therefore, the U values close
to the channel walls must be considered with caution. Wake
effects close to the surface could not be assessed due to the
limitations of the ADV to measure velocities in this area of
the ﬂow. The high-discharge case (Figure 9b) reveals some
minor wake effects that start to show up at distances of
z/ks > 4.
[22] The U values obtained with the law of the wall
were converted to bed shear stresses  ¼ U2 and are pre-
sented in Figure 10 for the ﬁve cross sections analyzed. At
each cross section, the local values have been scaled with
the cross-sectional mean m, obtained by integration over
the wetted perimeter. To carry out the integration, the shear
stresses in areas close to the walls were extrapolated by line-
arly continuing the observed distribution toward a value of
zero at the wall. For the low-discharge case (Figure 10a),
the pattern of bed shear stress consists of a superposition of
oscillations on top of a more general trend. If central sym-
metry in the ﬂow distribution is assumed, the general trend
starts with an almost ﬂat distribution at the rifﬂes to then
display a marked triangular shape at the pool entrance that
gets wider at the pool center. The general trend is driven by
the high-velocity cores and the cross-sectional shape, and
there are many locations where the local peaks of the oscil-
lations coincide with areas of strong downward vertical
ﬂow, as also reported in Rodrıguez and Garcıa [2008] for
ﬂat-bed conditions. Bed shear stresses for the high-discharge
Figure 5. Three-dimensional nontransformed velocity
distribution for low ﬂow (CPR1).
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case (Figure 10b) present a pattern that does not change
throughout the whole unit and that is totally in phase with
the downwelling and upwelling regions originated by the
circulation cells. Figure 10 also includes measurements
over a ﬂat bed for similar ﬂow discharges (FB1 and FB2 in
Table 1) in which the same level of oscillations due to
upwelling and downwelling associated with the circulation
cells can be observed [Rodrıguez and Garcıa, 2008].
5. Analysis and Discussion
5.1. 3-D Flow Patterns
[23] The low- and high-discharge streamwise velocities
are organized around a number of high-velocity cores, also
known as jets, that affect the whole 3-D ﬂow distribution;
however, their pattern is quite different in both cases. High-
velocity cores have been previously observed in pool-rifﬂe
Figure 6. Three-dimensional nontransformed velocity distribution for high ﬂow (CPR2).
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sequences, particularly at pools [Keller, 1971; Clifford and
Richards, 1992; MacWilliams et al., 2006; Caama~no et al.,
2012] and attributed to ﬂow contraction; however, they are
also present to some extent in ﬂat-bed situations [Rodrıguez
and Garcıa, 2008]. The low-ﬂow pattern (Figure 5) presents
one core at the rifﬂes that moves toward the centerline at the
pool. Due to the shape of the pool entrance, the core poten-
tially consolidates with a symmetric core on the other side of
the cross section at the central part of the pool, in agreement
with the simulations of MacWilliams et al. [2006] and
Caama~no et al. [2012]. The process is reversed toward the
pool exit and downstream rifﬂe.
[24] The analysis of time-averaged transverse velocities
for the low-discharge case shows a pattern of lateral conver-
gence at the pool entrance and lateral divergence at the pool
exit, in agreement with the observations by MacVicar and
Rennie [2012] on a straight pool. Lateral ﬂow effects are
not as strong at the pool center and at the rifﬂes, where
transverse velocities seem to indicate the presence of circu-
lation cells. Plots of longitudinal vorticity (Figure 7) con-
ﬁrm the presence of two side-by-side cells at the rifﬂes,
which are elongated in the transverse direction stretching to
a width of two to three times their height. The core of high
velocity approximately coincides with a downwelling zones
between cells at about one fourth the width. At the pool, a
surface-convergent cell occupies most of the half cross sec-
tion, and the velocity core coincides with a downwelling
zone at the thalweg. The described behavior agrees with
observations of secondary circulation cells in natural pool-
rifﬂe sequences (Figure 1) [Thompson, 1986]. In particular,
it explains the frequently observed phenomenon of the cells
inverting their rotation from surface divergent at the rifﬂes
to surface convergent at the pools [Rhoads et al., 2008].
The rearrangement of the cells is driven by a lateral dis-
placement of the velocity core toward the center of the
pool, the core always coinciding with a downwelling zone.
Redistribution of momentum and energy by the cell at the
pool is restricted to the deeper zone, having little effect on
the longitudinal velocity distributions. At the rifﬂes, how-
ever, the central upwelling seems to be effective in pushing
low-momentum ﬂuid away from the bottom and into the
water column contributing to the displacement of the veloc-
ity core away from the centerline.
[25] In contrast with the low-discharge pattern, the high-
discharge pattern (Figure 6) presents two cores of high
streamwise velocity that do not seem to be affected by the
Figure 7. Cross-sectional vorticity distribution for (a) low ﬂow (CPR1) and (b) high ﬂow (CPR2).
Figure 8. Establishment of bed-normal rays at the pool exit cross section for CPR1.
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topographic steering and remain virtually at the same loca-
tions throughout the pool-rifﬂe unit, in accordance with the
high-ﬂow results of Caama~no et al. [2012]. Vorticity plots
(Figure 7) conﬁrm the presence of three counterrotating
cells at the rifﬂes that scale with the cross-sectional ﬂow
depth. Cores of high longitudinal velocity are located in the
downwelling zones between cells (at approximately one
sixth and one half of the width). The described pattern at
the rifﬂe agrees with observations under ﬂat-bed conditions
in laboratory experiments [Tamburrino and Gulliver, 1999;
Rodrıguez and Garcıa, 2008; Shvidchenko and Pender,
2001] and in rivers [Nezu and Nakagawa, 1993]. All the
mentioned cases correspond to straight reaches, where sec-
ondary currents develop as a result of turbulence anisot-
ropy. Rodrıguez and Garcıa [2008] also showed that the
presence of vertical walls typically found in laboratory
ﬂumes and some channelized streams may reinforce this
pattern. In the present experiments, the cells start more or
less circular at the rifﬂes but stretch vertically at the pool to
cover the whole cross-sectional area. The secondary ﬂow
redistributes some of the momentum and energy of the
main ﬂow: downwellings transport high momentum ﬂuid
toward the bottom resulting in an incursion of the higher
velocities into regions close to the bed, whereas upwellings
do the opposite.
[26] It can be stated that the 3-D ﬂow patterns in cen-
tered pool-rifﬂe sequences appear in the form of transverse
convergence-divergence and secondary currents and that
the patterns are different depending on discharge condi-
tions. The streamwise vorticity can be used to study the dif-
ferent mechanisms producing secondary circulation in open
channels, as originally proposed by Einstein and Li [1958].
In steady, incompressible, constant-property ﬂow, the mean
streamwise vorticity  can be described using the follow-













































[27] On physical grounds, the left-hand side of (2) is the
total convection of  ; the ﬁrst term on the right-hand side
is the viscous diffusion of  ; the second represents stream-
wise vortex stretching; P1 accounts for the production of 
by a transverse pressure gradient or body force acting on
the mean shear; P2 is equivalent to P1 but at a turbulence
macroscale; P3 is the production of  by turbulence anisot-
ropy; and P4 represents the suppression of  by the Reyn-
olds stresses vw. Secondary currents originated by P1 are
due to streamline curvature and are called Prandtl’s ﬁrst
kind. The terms P2, P3, and P4 are the ones originated by
turbulence, and as P2 is comparatively small [Perkins,
1970], secondary currents of Prandtl’s second kind are
driven by the balance between the production term P3 and
the suppression term P4. The vorticity equation for only
turbulence-induced secondary ﬂow (as in the case of a ﬂat-
bed channel) can be solved for the cross section, producing
Figure 9. Streamwise velocity distribution over bed-normal rays in inner scaling: (a) low ﬂow (CPR1)
and (b) high ﬂow (CPR2).
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a secondary ﬂow pattern consisting of circular counterrotat-
ing cells of diameter equal to the ﬂow depth [Ikeda, 1981;
Rodrıguez and Garcıa, 2008]. The secondary ﬂow pattern
observed at the rifﬂes during high discharge (Figures 6 and
7b) agrees with the turbulence-induced mechanism and is
due to the more uniform distribution of the mean ﬂow
velocities, which results in a small P1 term when compared
with P3 and P4. As there is no appreciable lateral topo-
graphic steering as the ﬂow enters the pool, the counterro-
tating cell structure remains unchanged throughout the
whole sequence.
[28] When streamline curvature is the main mechanism
for the generation of secondary ﬂow, equation (2) becomes a
transport equation for the vorticity that has to be solved
numerically [Finnie et al., 1999]. Perhaps, the most typical
case for the formation of secondary currents of Prandtl’s ﬁrst
kind (generated by the term P1) in open channels is ﬂow in
bends, where the principal element that drives secondary
ﬂow is the centrifugal force. The local imbalance over depth
between the superelevation-generated pressure-gradient force
and the curvature-induced centrifugal force results in helical
motion of the time-averaged ﬂow [Yen, 1965; Yen and Yen,
1971; Dietrich and Smith, 1983; Rodrıguez et al., 2004] and
a characteristic secondary circulation pattern in the cross sec-
tion (Figure 1a). Another characteristic pattern of secondary
circulation appears in relatively straight reaches with pool-
rifﬂe sequences [Thompson, 1986]. The alternation of lateral
ﬂow convergence and divergence generates streamline cur-
vature, with superelevations and centrifugal accelerations
acting similarly to ﬂow in bends. Convergence at the pools
generates superelevation over the pool deepest area with a
downwelling zone that is associated with surface conver-
gent/near-bed divergent rotating cells. At the rifﬂes, supere-
levation of the water surface is located at some point
between the center and the banks, and water surface is
depressed at the center with an upwelling zone and an asso-
ciated surface-divergent/near-bed convergent cell pattern,
as shown by Figure 1b. The low-discharge pattern of the
Figure 10. Cross-sectional bed shear stress distribution for (a) low ﬂow (CPR1) and (b) high ﬂow
(CPR2). FB1 and FB2 distributions from Rodrıguez and Garcıa [2008] are also included for comparison.
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centered pool-rifﬂe sequence (Figures 5 and 7a) displays
this characteristic behavior that results in wider circulation
cells at the rifﬂes and in cells reverting circulation direction
at the pool.
5.2. Bed Shear Stresses and Self-Maintenance
[29] The distinct redistribution of momentum by topo-
graphic forcing and secondary ﬂows has a direct impact on
the bed shear stress distribution (Figures 10a and 10b). Lat-
eral displacement of the velocity core toward the centerline
is particularly important in the low-discharge case. It
increases shear stresses over the cross-sectional average in
the thalweg substantially, particularly at the pool entrance
and to a lesser extent throughout the whole pool. No velocity
core displacement is observed in the high-discharge case, and
the only noticeable pattern in the pool is in fact a decrease of
shear stresses at the thalweg, indicating that most of the ﬂow
momentum remains in the upper layers of the ﬂow. On top
of the general pattern of the shear stresses associated with
the streamwise ﬂow, there is an undulating effect related to
the secondary circulation that produces local peaks and
troughs in upwelling and downwelling regions, respectively.
[30] Integrating the values of the bed shear stresses
throughout the unit, spatial averaged shear velocities of
0.03 and 0.05 m/s can be obtained for the low- and high-
discharge conditions, respectively, which are slightly below
the values of 0.04 and 0.06 m/s computed with the overall
longitudinal water surface slope of 0.25%. Although this
overall slope is the same for both discharges, the local
value over the pools and rifﬂes changes considerably gener-
ating shear velocity values (computed using the depth-slope
product) of 0.055 m/s for the rifﬂe during both CPR1 and
CPR2 and of 0.03 and 0.04 m/s for the pool during CPR1
and CPR2, respectively. These local variations result in the
bed shear stresses at the rifﬂes being substantially larger
than at the pool for low discharges; however, this differ-
ence is reduced as the discharge increases, as shown by
Figure 11a in which the ratio of shear stresses at the pool
and at the downstream rifﬂe p/ r have been computed
using the centerline water elevations and cross-sectional
depths. Cross-sectional-averaged values of p/ r obtained
by integration over the wetted perimeter of the pool and the
downstream rifﬂe are also included in Figure 11, showing a
much stronger convergence for high discharge, even
though the values of p/ r remain below unity.
[31] The change in ﬂow behavior during low and high dis-
charges has been reported for pool-rifﬂe sequences, and our
data provide strong quantitative indications conﬁrming that
pattern. An equalization of cross-sectional-averaged values
of velocities and bed shear stresses for high discharges has
been frequently observed, and in some cases, even a reversal
of conditions—with velocities and shear stresses in pools
surpassing those at the rifﬂes—has occurred. In a one-
dimensional, quasi-steady, ﬁxed-bed analysis, the velocity or
shear stress reversal is the only mechanism that can explain
the self-maintenance of the pool-rifﬂe sequence [Keller,
1971]. Reversal in a cross-sectional-averaged sense has been
observed or predicted in a limited number of cases, and there-
fore, alternative explanations for self-maintenance have been
attempted focusing on local rather than averaged conditions.
Figure 11a shows that neither equalization nor reversal
occurred in the experiments using cross-sectional-averaged
values of bed shear stress. The detailed measurements pre-
sented in this paper can be used to test local reversal condi-
tions trends by comparing the pool to downstream rifﬂe shear
stress ratio p/ r at different Y/b positions for the two differ-
ent discharges, as shown in Figure 11b. For the low-discharge
case, in which important lateral ﬂow expansion occurred in
going from the pool to the rifﬂe, the values used at the
rifﬂe were laterally shifted toward the bank by 0.05 m with
respect to the corresponding values at the pool (e.g., the value
of p at Y ¼ 0.45 was divided by the value of  r at Y ¼ 0.4).
Figure 11b shows that the local reversal trends are more pro-
nounced close to the bank but less marked (reduced steepness
of the trend line) near the centerline of the cross section
when compared with the cross-sectional average reversal
trend (Figure 11a). In that sense, if it is assumed that most
sediment is transported through the central path for the partic-
ular geometry studied here, the results do not support the
idea that local ﬂow variations improve the self-maintenance
characteristics of the pool-rifﬂe sequence.
[32] From the previous analysis, it is clear that the pro-
posed design has very limited capabilities to self-maintain
itself, as it produces higher shear stresses at the rifﬂes for
both low- and high-discharge conditions. Values of relative
competence p/ r of 0.8 (cross-sectional average) or 0.7
(local) for the high-ﬂow condition are not indicative of
self-maintenance unless some other mechanisms are con-
sidered. The current design is not likely to generate strong
turbulent coherent structures that enhance relative compe-
tence and self-maintenance; however, the bed sediment
composition may have important effects due to resistance to
erosion [Clifford, 1993; Sear, 1996] or differential rough-
ness [Carling and Wood, 1994]. Moreover, if the quasi-
steady and ﬁxed-bed assumptions are relaxed and sediments
of different sizes are considered, the requirements for self-
maintenance are not as stringent [de Almeida and Rodrıguez,
2011, 2012]. Sediment transport reversal conditions that lead
to self-maintenance can be achieved with values of p/ r as
low as 0.3; however, they are very common for p/ r values
of 0.6 or greater due to the combined effect of mean ﬂow
Figure 11. Ratio of pool to rifﬂe bed shear stress as a
function of discharge: (a) cross-sectional average values
and (b) local values. Lines have been drawn using only two
points.
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unsteadiness, differential sediment mobility, and bed eleva-
tion changes at the rifﬂes [de Almeida and Rodrıguez, 2011,
2012]. Figure 11 shows that the high-discharge p/ r values
for the central pool-rifﬂe sequence can be as high as 0.8,
which would imply that the design may be capable of self-
cleaning during bankfull discharges. Of course this would
be dependent on the differential sediment mobility between
pool and rifﬂe, and thus, speciﬁc tests should be conducted
to assert this issue. Interestingly, Rhoads et al. [2011] pre-
sented the successful implementation of the present design
for a limited load stream (the WFNBCR), but did not
recommend the present design for a stream with high bed-
load (mainly sand) transport and proposed a modiﬁcation
to the design with a more constricted pool to enhance self-
maintenance.
5.3. Hydrodynamic Variability
[33] Besides being able to self-maintain, pool-rifﬂe
sequences used in stream restoration projects are expected
to provide an increased level of ﬂow variability necessary
to support a rich ecological environment. Measures of ﬂow
variability can be obtained by quantifying the bed shear
stress variation with respect to its cross-sectional value
 /m (Figure 10) and with respect to its spatial average over
the whole unit  /hi or shear stress footprint as presented in
Figure 12. In Figure 12, hi values of 1.01 and 2.55 N/m2
for the low- and high-discharge conditions, respectively,
have been computed by integration of local the local  val-
ues of Figure 10 over the unit. It must be noted that these
estimates compare quite well with the values of 0.9 and
2.5 N/m2 obtained from the hUi estimates of Table 1 based
on the overall reach slope. In that respect, they provide an
indirect conﬁrmation that the methodology used for the bed
shear stress computation is appropriate.
[34] With respect to cross-sectional variability, Figure 10
shows that the low-discharge case presents maximum  /m
values that are larger in the pool (1.5 to 1.7) than in the rif-
ﬂe (1.3 to 1.5), whereas the high-discharge case displays an
almost uniform value (1.2 to 1.4) that is smaller than in the
low-discharge case. The same difference in the level of
concentration of local values of the bed shear stress is
observed in the footprint of Figure 12, with maximum
 /hi values of 1.8 and 1.3 for the low- and high-discharge
cases, respectively. It is interesting to note that results on
the same experimental facility over a ﬂat bed composed of
the same bed material (Table 1) [Rodrıguez and Garcıa,
2008] produced  /m values of 1.2, comparable with the
high-discharge-centered pool-rifﬂe.
[35] Another measure of ﬂow variability can be obtained
by looking at the velocity concentration areas (jets), which
are quite evident in Figures 5 and 6. When scaled with the
reach average velocity (Table 1), the highest U/hUi value for
the low ﬂow is 1.6, substantially higher than that for the
high-discharge case, which is only about 1.3. The latter value
is close to the ﬂat bed value of 1.25 (Table 1) [Rodrıguez
and Garcıa, 2008] for both high and low discharges.
[36] The last two paragraphs show that although the low-
discharge case has a more variable spatial distribution due
to a more pronounced effect of the topography over the
ﬂow patterns, the level of spatial ﬂow variability for the
high-discharge case is practically the same as in a ﬂat-bed
situation. Consequently, for the particular geometry studied
in this paper, the spatial variability in the ﬂow patterns typi-
cally associated with pool-rifﬂe sequences, and frequently
linked to their ecological value, is only observed for low
discharges.
6. Conclusions
[37] Detailed 3-D velocity measurements carried out on a
centered pool-rifﬂe sequence designed for restoring a chan-
nelized stream have allowed the reconstruction of ﬂow pat-
terns for two different discharge conditions, corresponding
approximately to the 1- and 2-year return ﬂoods. The design
incorporated basic geomorphological features of natural
pool-rifﬂe sequences, and the analysis focused on the general
characteristics of the ﬂow patterns, the self-maintenance
capabilities of the design, and the ﬂow variability added to
the original channelized stream by the new structures.
[38] With respect to the general ﬂow patterns, a dis-
charge-dependent organization of the ﬂow was observed.
The lower discharge displayed a strong effect of the topog-
raphy, which generated high-velocity cores at the rifﬂe
associated with the alternation of lateral convergence and
divergence. The velocity cores moved toward the center of
the pool due to lateral convergence. Secondary circulation
cells displayed a surface-divergent/near-bed convergent
pattern at the center of the rifﬂe, which was replaced by a
surface-convergent/near-bed divergent pattern at the pool
center, as observed in natural pools and rifﬂes and origi-
nated by streamline curvature. It must be noted, however,
that stronger transverse ﬂow patterns are found in natural
pools [MacVicar and Rennie, 2012]. The higher discharge
case was more uniform, with velocity cores and secondary
circulation showing only minor effects of the topography.
High-velocity cores and associated secondary circulation
cells remained at the same transverse locations throughout
the whole structure, with the cells stretching vertically to
occupy most of the cross section at the pool. This second-
ary circulation pattern has been associated with turbulence
anisotropy.
[39] It was found that reversal conditions in bed shear
stresses at pool and rifﬂe sections did not occur for the two
discharges tested, only a convergence of the values with
increasing discharge. Reversal of the relative magnitude of
Figure 12. Bed shear stress spatial distribution or foot-
print : (a) low ﬂow (CPR1) and (b) high ﬂow (CPR2).
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pool and rifﬂe shear stresses for high discharges has been
observed in natural pools and rifﬂes and associated with
self-maintenance of the structures. The level of conver-
gence observed for this particular design could only gener-
ate self-maintenance conditions if additional factors were
considered, like unsteadiness effects on the differential mo-
bility of the sediment in pools and rifﬂes [deAlmeida and
Rodrıguez, 2011, 2012]. The level of convergence did not
increase when local rather than cross-sectional values were
analyzed.
[40] Spatial ﬂow variability was assessed by looking at
maximum values of velocities and bed shear stresses and
comparing them with the reference ﬂat-bed condition. The
lower discharge displayed larger variability than the ﬂat-
bed situation; however, the higher discharge generated a
low level of variability comparable with the values
obtained over a ﬂat bed. At least for the pool-rifﬂe design
being tested in this paper, the spatial ﬂow variability sought
after for ecological reasons could only be veriﬁed for the
lower discharge case.
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